Patients with extensive leukoaraiosis are at high risk for vascular dementia. However, these patients exhibit variable severity of global cognitive impairment correlating with callosal atrophy. We hypothesized that callosal atrophy may reflect the severity of HDWM tract damage, which may explain global cognitive impairment. The purpose of this study was to evaluate HDWM tract damage by DTI and to investigate whether HDWM tract damage is associated with callosal atrophy and global cognitive impairment, in patients with extensive leukoaraiosis.
C
erebral WMLs, termed "leukoaraiosis,"
1 are observed frequently on T2-weighted MR imaging of elderly patients with lacunar infarcts. WMLs may progress with age, and recent population-based studies have confirmed the relationship between the extent of WMLs and cognitive impairment, especially in executive dysfunction. 2, 3 Moreover, extensive WMLs are a radiologic hallmark of Binswanger disease, a common cause of vascular dementia in the elderly. 4, 5 Patients with extensive WMLs may be at risk of global cognitive impairment and vascular dementia. 6 However, patients with extensive WMLs show a variable severity of global cognitive impairment, with some patients showing vascular dementia, whereas others have almost normal cognitive function despite extensive WMLs. [7] [8] [9] A longitudinal study demonstrated that further global cognitive deterioration occurs with time in patients with extensive WMLs whose cognitive impairment was mild initially. 6 Therefore, understanding the pathophysiology that may cause a variable severity of cognitive impairment in patients with similar extensive WMLs may lead to the development of optimal therapeutic interventions preventing vascular dementia.
Previous studies have shown that atrophy of the corpus callosum is associated significantly with global cognitive impairment in patients with extensive WMLs. 8, 9 The corpus callosum consists of interhemispheric corticocortical connecting fibers, and most of the fibers traverse the HDWM while approaching the contralateral hemisphere. 9 In extensive leukoaraiosis, ischemic insult to the HDWM may affect all of the component fiber tracts, irrespective of their fiber directions. 10 Thus, such ischemic insult may affect callosal fiber tracts in the HDWM where they are passing. Therefore, we hypothesized that diffuse small-vessel ischemia may involve the callosal fiber tracts at the HDWM, in parallel with other HDWM fiber tracts. This ischemic fiber tract damage may cause callosal fiber damage and atrophy and may result in global disconnections among cortical and subcortical networks, leading to global cognitive impairment and vascular dementia. In other words, callosal atrophy may indicate HDWM tract damage and global cognitive impairment in patients with extensive WMLs.
DTI measures the diffusion of water molecules within the brain. 11 FA and MD maps are calculated from DTI. Histogram and voxel-based analyses of these maps are useful in evaluating white matter tract damage in patients with extensive WMLs. [12] [13] [14] The purpose of this study was to investigate whether HDWM tract damage is associated with global cognitive impairment and callosal atrophy in patients with extensive WMLs and lacunar infarcts, by using histogram and voxel-based analyses of DTI maps.
Materials and Methods

Patient Selection
Twenty-four consecutive patients with lacunar infarcts and extensive WMLs were enrolled prospectively between 2005 and 2007. These patients visited our neurology clinic because of various neurologic symptoms. Inclusion criteria were the following: 1) 60 -85 years of age; 2) Ն1 vascular risk factor; 3) irregular and confluent periventricular hyperintensity extending into the deep white matter (Fazekas grade 3) on routine T2-weighted MR imaging that diffusely involved the bilateral hemispheres 15 ; and 4) Ն1 lacunar infarct on routine MR imaging. Moreover, 5) patients with dementia (MMSE score, Յ23) were included only if they showed Biswanger dementia-like clinical symptoms, such as dysexecutive syndrome or gait disturbance characterized by start hesitation, short steps and wide stride, slow walking speed, and freezing gait. The exclusion criteria were the following: 1) 10 history of stroke in the last 4 weeks; 2) history of intracranial hemorrhage; 3) a cortical or callosal infarct or an infarct of Ͼ15 mm in diameter in any location on routine MR imaging; 4) strategically located lacunar infarcts possibly causing cognitive impairment such as those in the genu of the internal capsule, thalamus, or caudate nucleus on routine MR imaging 16 ; 5) severe dementia with an MMSE score of Ͻ10; 6) leukoencephalopathy of nonvascular origin (demyelinating or other); 7) presence of severe systemic or psychiatric illness; or 8) lack of written informed consent from the patients or their closest relatives. The patients underwent neuropsychological evaluations and 3T MR imaging. Our institutional review board approved the protocol of this study (protocol number E207).
Neuropsychological Evaluations
In addition to screening with MMSE, the patients underwent neuropsychological evaluations including the FAB, 17 VFT, 9 and the Verbal Memory quotient of the WMSR.
MR Imaging Acquisition and DTI Calculations
On the same day as the neuropsychological evaluation, the patient group underwent MR imaging by using a 3T scanner (Trio; Siemens, Erlangen, Germany) equipped with an 8-channel phased array head coil. DTI data were obtained by using a diffusion-weighted singleshot echo-planar imaging sequence (TR ϭ 5200 ms, TE ϭ 77 ms, FOV ϭ 220 mm, matrix size ϭ 128 ϫ 128, voxel size ϭ 1.7 ϫ 1.7 ϫ 3 mm, and 40 axial sections with no intersection gap) with a motionprobing gradient in 12 noncollinear directions (b ϭ 700 s/mm 2 ). B0
images (b ϭ 0 s/mm 2 ) were also acquired. These images were processed, and the FA and MD maps were calculated, by using the BET 18 and the Diffusion Toolbox in FMRIB, 19 part of the FMRIB Software Library package, Version 4.0 (FMRIB, Oxford, UK).
20
3D T1-weighted images were acquired by a magnetization-prepared rapid acquisition gradient echo sequence by using the following parameters: TR ϭ 2000 ms, TE ϭ 4.38 ms, TI ϭ 990 ms, FOV ϭ 240 mm, matrix size ϭ 256 ϫ 224, voxel size ϭ 0.9 ϫ 0.9 ϫ 1 mm, and 208 axial sections. T2-weighted images were acquired by a turbo spinecho sequence by using the following parameters: TR ϭ 8400 ms, TE ϭ 108 ms, FOV ϭ 220 mm, matrix size ϭ 512 ϫ 416, voxel size ϭ 0.4 ϫ 0.4 ϫ 3 mm, and 40 axial sections with no intersection gap.
Evaluation of DA of the HDWM by Histogram Analyses
Because HDWM DA parameters were needed for statistical analyses, each patient's FA and MD maps were preprocessed to contain only HDWM, subcortical white matter, and cortex, whereas the corpus callosum, ventricle, and other structures were excluded. The calculated histogram parameters from these preprocessed DTI maps were assumed to represent mainly HDWM DA. In detail, we carefully drew ROIs fitting the CSF space, brain stem and cerebellum, and deep structures, such as basal ganglia and diencephalon, on each axial section of individual B0 images. During processing, some of the capsular structures adjacent to the basal ganglia and diencephalon were included in the ROI, despite careful ROI drawing. We applied these ROIs to the corresponding FA and MD maps to exclude these structures. We also carefully drew ROIs fitting the corpus callosum on each axial section of the individual FA map and applied these ROIs to the FA and MD maps to exclude the corpus callosum. Next, the upper 25th percentile value of each patient's FA and MD histograms (FA25 and MD25) and the mean and median values of the FA and MD histograms were calculated. 12 The FA value was assumed to be between 0 and 1, and the MD value was assumed to be between 0 and 500 ϫ 10 Ϫ3 mm 2 /s.
Evaluation of Callosal Volume and Callosal DA
We applied the BET application to each patient's 3D T1-weighted image so that extradural voxels were excluded. This image was normalized into 1 ϫ 1 ϫ 1 mm 3 MNI 152 space by linear registration by using the Linear Image Registration Tool of FMRIB. 21 The normalized T1 volume image was segmented into white and gray matter or CSF space; thus, only the white matter was extracted by using the Automated Segmentation Tool in FMRIB. 22 Next, we extracted a midsagittal volume of 10-mm thickness in the standard space and calculated the number of voxels corresponding to the corpus callosum. Because voxel size was normalized to 1 mm 3 , the number of voxels multiplied by the voxel size (1 mm 3 ) gave the normalized callosal volume of the individual patient. Callosal DA was evaluated on a sagittal plane to exclude possible partial averaging with CSF space. We carefully drew ROIs fitting the corpus callosum on each sagittal section of individual FA maps. Mean callosal FA and MD were calculated in each patient by applying the ROIs to the corresponding FA and MD map.
Evaluation of WML Volume, Lacunar Infarcts, and White or Gray Matter Volume
We also evaluated WML volume, the number and location of lacunar infarcts, and white and gray matter volume to investigate the correlation between these values and cognitive impairment. For evaluating WML volume, the ROIs fitting the WMLs were carefully drawn on each axial section of individual T2-weighted images. The area covered by the ROIs in every section was calculated, and the calculated area of all the sections was summed. Because the section thickness was 3 mm, individual WML volumes were approximated to the summed area multiplied by the section thickness.
A lacunar infarct was defined as follows: 1) a distinct area 3-15 mm in diameter, 2) located in the upper two-thirds of the lentiform nuclei, cerebral white matter, or pons (patients with lacunae in the caudate nucleus or thalamus were excluded according to the exclusion criterion 4; 3) T1 low intensity; and 4) marked T2 high intensity accompanied by an ill-defined hyperintensity rim. The number of the lacunar infarcts was counted for each location.
The SIENAX application, part of the FMRIB Software Library Package, 23 was applied to each patient's 3D T1 volume, to estimate the individual white and gray matter volumes normalized for each patient's skull size. A board-certified stroke neurologist (Y.O.) with 18 years' experience in neuroradiology blinded to patients' clinical information performed the image processing described above, including ROI processing of DTI and evaluation of WML volume and lacunae.
Statistical Analyses
The intercorrelation between HDWM DA (FA25, MD25, and mean and median values of FA and MD), callosal DA (mean callosal FA and MD), normalized callosal volumes, and cognitive scores (MMSE, FAB, VFT, and WMSR) was analyzed by using the Spearman rank correlation (͉͉ Ն 0.40 and P Ͻ .05 were considered to be significant). Correlation between HDWM DA, callosal DA, or callosal volume and each cognitive score was also examined by stepwise regression analyses and multiple regression analyses. In the stepwise regression analyses, age, sex, number of lacunar infarcts, WML volume, and gray and white matter volume were used as covariables. The multiple regression analyses were adjusted for age, sex, WML volume, and white matter volume. The absolute value of a standardized regression coefficient of Ͼ0.40 and P Ͻ .05 was considered to be significant. Correlation between cognitive scores and age, number of lacunar infarcts, WML volume, gray matter volume, or white matter volume, as well as correlation between HDWM DA and WML volume, was also examined by using the Spearman rank correlation (͉͉ Ն 0.40 and P Ͻ .05 were significant). Image processing of the FA and MD images for voxel-based analysis was performed by using TBSS (Version 1.1, FMRIB). 24 TBSS enables investigations of white matter tracts without the limitations caused by alignment inaccuracies and by uncertainty concerning smoothing extent that are typical of other voxel-based methods in DTI map analyses. 24 The usefulness of TBSS for voxel-based analyses of DTI maps has been reported in patients with leukoaraiosis and other disease processes involving white matter. 14, 24 First, any patient's FA image was aligned to every other patient's FA image, and the most representative image among all patients' FA images was identified and selected as the target image. Next, this target image was affine-aligned into a 1 ϫ 1 ϫ 1 mm 3 MNI 152 space. Every image was then transformed to match the MNI 152 space by combining the nonlinear registration to the target image and the affine registration from that target to the MNI 152 space. A mean FA image was created and thinned to create a mean FA skeleton image, which represents the centers of all tracts in common among the group. Every patient's aligned FA data were then projected onto this skeleton, and the projected FA data of all patients were used for voxel-based crosssubject statistical analysis. Finally, we carried out voxel-based analysis to investigate where FA and MD values had a significant correlation with the cognitive score, adjusted for WML volume and white matter volume, by using permutation-based inference on cluster size (t Ͼ 2, FWE-corrected P Ͻ .05; permutation number, 5000) with the Randomise application.
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Results
The . No patient showed high-intensity lesions in the corpus callosum. The increased WML volume showed a significant correlation with WMSR score decline ( ϭ Ϫ0.52, P ϭ .024), whereas there was no significant relationship between the WML volume and the MMSE, FAB, or VFT score. White matter volume showed a significant correlation with the VFT score ( ϭ 0.55, P ϭ .01), whereas there was no significant relationship between white matter volume and other cognitive scores.
The DTI histogram of the HDWM showed that the patients with dementia had decreased voxel counts of high FA value and low MD value, while they had increased voxel counts of low FA value and high MD value compared with the data from the patients without dementia (Fig 1) . The FA value had a strong negative correlation with the MD value in the HDWM (FA25 versus MD25, ϭ Ϫ0.83, P Ͻ .0001; median FA versus median MD, ϭ Ϫ0.77, P ϭ .0002; and mean FA versus mean MD, ϭ Ϫ0.83, P Ͻ .0001) and in the corpus callosum (mean callosal FA versus MD, ϭ Ϫ0.90, P Ͻ .0001). Reduced HDWM DA, represented by FA reduction and MD increase, reduced callosal DA, and callosal atrophy, all had a strong correlation with global cognitive impairment ( Table 1 and Fig  2) . Stepwise regression analyses, including age, sex, number of lacunar infarcts, WML volume, and gray and white matter volume as covariables, produced a model in which only each of HDWM DA, callosal DA, or callosal volume was included. The other covariables did not contribute significantly to the magnitude of the correlations, except for a small contribution of the WML volume or white matter volume to some of the correlations. Multiple regression analyses, including age, sex, WML volume, and white matter volume as covariables, confirmed that reduced HDWM DA, reduced callosal DA, and callosal atrophy were independent predictors of cognitive impairment. The WML volume, white matter volume, or other covariables were not an independent predictor in these models, except for a weak contribution of white matter volume to the correlation between callosal MD and VFT score ( Table 2) .
Reduced HDWM DA was strongly correlated with reduced callosal DA and callosal atrophy (Table 3) . Callosal atrophy showed a strong correlation with reduced callosal DA (callosal volume versus mean callosal FA: ϭ 0.80, P Ͻ .005; versus mean callosal MD: ϭ Ϫ0.73, P Ͻ .005). Thus, reduced HDWM DA, reduced callosal DA, and callosal atrophy were strongly intercorrelated, and all had a strong correlation with global cognitive impairment (Fig 3) . Only a nonsignificant trend for a weak correlation between WML volume increase and reduced HDWM DA was observed (WML volume versus FA25: ϭ Ϫ0.34, P ϭ .10; versus MD25: ϭ 0.38, P ϭ .07; versus median FA: ϭ Ϫ0.15, P ϭ .48; versus median MD: ϭ 0.38, P ϭ .07; versus mean FA: ϭ Ϫ0.31, P ϭ .14; versus mean MD: ϭ 0.36, P ϭ .09).
Voxel-based analyses with TBSS testing, when adjusted for WML volume and white matter volume, showed that both FA reduction and MD increase had a significant correlation with MMSE score deterioration in both the diffuse HDWM and the corpus callosum (Fig 4) .
Discussion
The present study supports our hypothesis that diffuse HDWM tract damage is associated with global cognitive impairment and callosal atrophy in patients with extensive leukoaraiosis. In our patients with extensive WMLs, reduced HDWM DA showed a strong correlation with global cognitive impairment. The correlation was stronger than that of WML volume with cognitive impairment, and multivariate analyses showed that the correlation was not confounded by WML volume or other factors. Therefore, the patients may have vari- able severity of HDWM tract damage that may be detected sensitively by DTI, despite a similar grade of extensive WMLs. Such tract damage may cause global disconnection between cortical and subcortical networks, resulting in global cognitive impairment and vascular dementia. Moreover, reduced callosal DA and callosal atrophy showed a strong intercorrelation, and both had a strong correlation with reduced HDWM DA. In addition, these callosal parameters also showed a strong correlation with global cognitive impairment that was independent of WML volume, white matter volume, or other covariables. These results support our hypothesis that diffuse ischemic tract damage of the HDWM may cause damage to the passing callosal fiber tracts, resulting in reduced callosal DA and callosal atrophy. These callosal parameters may be sensitive markers of diffuse HDWM tract damage and may be useful for monitoring disease progression and evaluation of treatment efficacy.
Degradation of the microstructural organization in white matter is accompanied by FA reduction and MD increase. 26 There is pathologic evidence that FA and MD correlate with axonal count and the amount of myelin in the white matter. 27 Animal studies have suggested that axonal membranes, rather than the presence of myelin, may contribute primarily to DA. 11 In addition, results from animal studies have indicated that axonal damage is related to reduced diffusibility changes parallel to the primary fiber orientation, while myelin breakdown is related to increased diffusibility perpendicular to the white matter tract. 28 A clinical study in patients with cerebral edema caused by hepatic encephalopathy exhibited no decrease in FA but a significant increase in MD, which was reversible after treatment. 29 Therefore, the combination of FA reduction and MD increase that was observed in the patients may reflect the severity of the white matter tract damage caused by several pathologic processes, including axonal damage, demyelination, and interstitial or extracellular fluid increase in response to chronic small vessel ischemia.
A main limitation of the histogram analyses is the loss of the topographic information. In the present study, the histogram analyses were preceded by segmentation to extract HDWM, subcortical white matter, and cortex data. Graphic representation of the FA histogram in the patients with dementia exhibited the reduction of high DA components corresponding to the deep white matter structure (Fig 1) . Therefore, the result of histogram analyses may reflect mainly the severity of HDWM tract damage.
Several recent DTI studies have suggested that NAWM as well as WMLs show reduced DA, which contributed to global cognitive impairment in the patients with WMLs. 3, 7, 26 Although the histogram approach focusing on NAWM was not performed in the present study because of difficulties in the precise extraction of NAWM in our patients with extensive WMLs, voxel-based analyses showed that the corpus callosum without WMLs and diffuse HDWM had reduced DA, showing significant correlation with global cognitive impairment. Thus, the results of the present study are consistent with those of previous studies in which the white matter tract damage was Red or yellow shows where FA reduction or MD increase had significant correlation with the MMSE score decline, respectively. All results are adjusted for WML volume and white matter volume. Permutation-based inference on cluster size: t Ͼ 2, FWE-corrected P Ͻ .05; permutation number, 5000. Green is the mean FA skeleton, underneath the orange, red, and yellow. In the background is the mean FA image of the 24 patients in the study. extensive beyond the WMLs. Diffuse HDWM damage may be a summation of damage in the WMLs and NAWM. A method that enables the precise extraction of NAWM from DTI maps of patients with extensive WMLs would clarify the contribution of WMLs versus NAWM to HDWM damage.
Patients with extensive WMLs are associated with a risk of Alzheimer disease, as well as vascular dementia. 30 In the present study, patients with dementia were included only if they had Binswanger dementia-like clinical symptoms. These patients had a vascular risk factor and a history of lacunar infarcts along with extensive WMLs. Moreover, patients with severe dementia of an MMSE Ͻ10 were excluded. Thus, in our cohort, the patients with dementia fulfilled the diagnostic criteria of Binswanger disease of Bennett et al. 5 In their series, most of the patients diagnosed pathologically as having Binswanger disease met the criteria compared with only 1.6% of the patients with clinically typical Alzheimer disease. 5 Therefore patients with Alzheimer disease would likely be excluded from our series, though this exclusion was not confirmed pathologically.
In our patients, lacunar infarcts of the lentiform nuclei did not show significant association with cognitive impairment, inconsistent with a previous study that included subjects with various degree of WMLs. 31 We evaluated lacunar infarcts with T1 and T2 high-resolution images. Using high-resolution FLAIR images may allow more precise evaluation of lacunae. However, we excluded lesions Ͻ3 mm in diameter or lesions located in the lower one-third of the basal ganglia. A pathologic study has shown that this exclusion may enable differentiation between lacunar infarcts and the perivascular space. 32 Thus, our criteria likely differentiated lacunar infarcts from the perivascular space, though this was not confirmed pathologically. Therefore the inconsistency may possibly result from the small sample size of our study rather than from confusing lacunar infarct with the perivascular space.
We used the MMSE score as a representative cognitive parameter for the voxel-based analyses because of the strong correlation between MMSE and other cognitive batteries. To investigate the pathophysiology causing variable severity of cognitive impairment in patients with similar extensive WMLs, we had to exclude the potential confounding effect of WML extension, as much as possible. Therefore, we recruited only patients with Fazekas grade 3. This criterion may have contributed to our sample characteristics of high cognitive contrast and the strong intercorrelation among cognitive batteries. In the patients with a variable extent of WMLs, executive function may be sensitive to detecting cognitive impairment, as reported in previous population-based studies. 6, 7, 13 Our study has several methodologic limitations. First, we used several DTI parameters (eg, FA25 or MD25 and so forth) for the histogram analyses according to a previous study. 12 The peak height of the FA or MD histogram may be more appropriate as a parameter because it is reported to be sensitive to cognitive impairment. 13 Second, we evaluated WMLs with T2 high-resolution images. Using high-resolution FLAIR images may allow more precise evaluation of WMLs. Third, we used several ROIs in the preprocessing of DTI maps. Although these ROIs were carefully drawn, automation of this image processing may improve the reproducibility of our data. Finally, because our study is a single hospital-based cross-sectional study of a small sample size, it is likely that the contrast of WML extension was not sufficient to generate a significant correlation. Population-based multicentered longitudinal and cross-sectional studies recruiting more patients with extensive WMLs and evaluating them with histogram and voxel-based approaches similar to those in our study are warranted to confirm our hypothesis.
Conclusions
In patients with extensive WMLs, reduced HDWM DA, reduced callosal DA, and callosal atrophy were strongly intercorrelated. These parameters showed a strong correlation with global cognitive impairment that was independent from WML extension. Reduced callosal DA and callosal atrophy may represent a surrogate marker of HDWM tract damage, and these callosal parameters as well as DTI parameters of the HDWM may be useful for monitoring disease progression and treatment efficacies.
